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ABSTRACT 

This  report  presents  results  of  tests  conducted  to  determine  effects 
of  a ■'ifty-caliber  incendiary  projectile  penetrating  vertically  from  the 
bottom  into  a partially-filled  fuel  tank.  Fuel  types  investigated  in 
this  program  are  JP-4  (high  volatility  fuel)  and  JP-8  (low  volatility 
fuel).  This  test  program  was  carried  out  in  two  phases:  (1)  “non- 
equilibrium"  tests  conducted  with  a cylindrical  tank  to  determine  effects 
of  fuel  temperature,  initial  ullage  pressure,  tank  volume,  fuel  depth, 
venting,  etc.  and  (2)  equilibrium  tests  conducted  with  various  rectangular 
tank  configurations  to  determine  effects  of  initial  fuel-air  mass  ratio 
of  the  ullage  fuel-air  mixtures  on  ignition  and  reaction  overpressures. 
Results  of  "non-equilibrium"  tests  showed  that  both  JP-4  and  JP-8  can  be 
ignited  over  the  temperature  range  of  10  to  130°F.  Results  also  showed 
that  reaction  over-pressures  resulting  from  JP-4  tests  were  generally 
higher  than  those  from  JP-8  tests.  Increasing  fuel  depth  and  venting  area 
tend  to  decrease  reaction  over-pressures.  Results  of  tests  conducted 
with  equilibrium  fuel-air  mixtures  indicated  that  mixtures  with  initial 
fuel-air  mass  ratios  as  low  as  .002  could  be  ignited.  No  ignition  was 
observed  in  fuel-air  mixtures  with  initial  fuel-air  mass  ratios  greater 
than  0.11. 
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SECTION  I 
INTRODUCTION 

The  principal  objective  of  this  program  was  to  investigate  effects  of 
various  "Vertical"  impact  parameters  associated  with  incendiary  rounds  on 
the  flanmability  characteristics  of  JP-4  and  JP-8.  As  illustrated  in 
Figure  1,  when  a partially  filled  fuel  tank  is  penetrated  by  a projectile 
in  a slant  trajectory,  fuel  mists  and  sprays  can  be  produced.  Addition 
of  such  mists  and  sprays  to  the  ullage  results  in  a heterogeneous  fuel- 
air  mixture.  Flammability  properties  of  such  mixtures  are  generally 
different  from  those  of  homogeneous  equilibrium  mixtures  and  cannot  be 
readily  characterized  in  terms  of  conventional  fuel-air  ratios.  In  the 
case  of  an  incendiary  round,  activation  of  the  round  is  highly  probable, 
resulting  in  the  generation  of  numerous  ignition  sources  within  the 
ullage.  Thus,  in  assessing  potential  hazards  associated  with  aircraft 
fuel  tank  explosion  induced  by  gunfire,  conventional  flammability  data 
obtained  under  equilibrium  conditions  cannot  l,  sed.  Under  incendiary 
impact  conditions  the  probability  of  in  on  c.'.d  the  extent  cf  a fuel-air 
reaction  for  a given  fuel  type  depend  largely  on  the  degree  of  incendiary 
activation  and  dispersion  as  well  as  the  nature  of  fuel  m1'*s  and  sprays. 
This  report  presents  the  results  of  tests  conducted  to  determine  effects 
of  those  parameters  which  were  considered  principal  factors  governing 
incendiary  activation  and  fuel  mist-spray  formation. 
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Figure  i.  Effects  of  Vertical  Gunfire  Impact  on  Flammability  Limits 
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SECTION  II 

EXPERIMENTAL  EQUIPMENT 


1.  TEST  FACILITY 

All  tests  were  conducted  at  the  Air  Force  Flight  Dynamics  Laboratory's 
(AFPDL)  Ballistic  Impact  Test  Facility  located  at  Wright-Patterson 
AFB,  Ohio.  This  facility  includes  a semi-enclosed  vertical  firing  tower 
and  instrumentation  trailers.  The  vertical  tower  has  a provision  for 
elevating  a test  article  to  an  approximate  height  of  30  feet  to  provide 
the  required  vertical  trajectory.  Once  elevated,  the  test  article  can  be 
locked  securely  into  the  test  firing  position.  The  gun  was  located  at 
the  base  of  the  tower  and  positioned  to  provide  a BO1"  angle  of  elevation 
for  projectile  trajectory.  Recording  instrumentation  and  control 
equipment  were  housed  in  a trailer  located  near  the  vertical  tower. 

2.  TEST  EQUIPMENT 

Tests  were  conducted  using  two  types  of  tanks:  cylindrical  and 
rectangular  tanks  (Figures  2,  3,  4,  and  5}  The  cylindrical  tank  was 
constructed  from  3/8  in.  thick  stainless  steel  with  tank  dimensions  as 
shown  in  Figure  6.  The  cylindrical  tank  consists  of  three  sections:  rte 

main  section  with  a capacity  of  92  gallons  and  two  identical  extension 
sections  giving  a total  capacity  of  185  gallons  when  used  with  the  main 
section.  The  rectangular  tank,  constructed  from  1 in.  thick  steel  plate, 
consists  of  five  sections:  the  main  section  and  four  identical 

extension  sections.  The  main  section,  measuring  35  in.  wide,  36  in.  long, 
and  18  in.  high  internally,  has  a capacity  of  100  gallons  (Figure  7). 

Each  extension  section,  with  internal  dimensions  of  36  in.  wide,  18  in. 
long,  and  18  in.  high,  has  a fifty-gallon  capacity.  Both  cylindrical 
and  rectangular  tanks  were  designed  to  withstand  internal  reaction  over- 
pressures to  assure  a repeated  use  and  both  have  identical  provisions 
for  control,  instrumentation,  and  servicing. 


Figure  3.  Rectangular  Tank  - Configuration 


Figure  4.  Rectangular  Tanl 
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Retainer  rings  were  used  for  attaching  entrance  and  exit  plates. 
Entrance  plates  measuring  12  in.  X 12  in.  and  exit  plates  measuring 
28  In.  X 28  in.  were  attached  to  the  tank  using  7.75  in.  I.D.  and  19.25  in. 
I.D.  retainer  rings  respectively.  An  8 in.  diameter  window  was  provided 
for  motion  picture  coverage  and  a specially  designed  instrumentation 
port  was  used  for  Introducing  various  instrumentation  probes  into  the 
tank.  For  the  purpose  of  obtaining  fuel-air  equilibrium  within  the 
ullage,  fuel  was  circulated  through  a spraying  tube  with  two  rows  of 
1/16  in.  diameter  holes  drilled  1/2  in.  apart.  The  length  of  the  tuh-, 
depending  on  the  width  of  the  test  tank,  was  varied  from  36  in.  to  108  in. 
Heating  of  the  tank  was  accomplished  by  means  of  hot  air  bath:  heated 
air  was  blown  into  a specially  designed  canvas  enclosure.  Cooling  of  the 
tank  was  iccomplished  by  circulating  cold  fuel. 

A specially  designed  platform  was  used  for  mounting  tanks.  The 
cylindrical  tank  was  mounted  on  this  platform  in  such  a way  that  the 
plane  of  entrance  plate  was  a 90“  angle  with  the  trajectory.  The  rectan- 
gular tank  was  mounted  to  provide  a 60°  angle  with  the  trajectory.  The 
platform  measuring  6 feet  wide  by  10  feet  long  has  provisions  for 
mounting  two  movie  cameras,  two  fuel  pumps,  a vacuum  pump,  and  two  CO2 
fire  extinguishing  nozzles.  In  addition,  it  has  a scrap  fuel  tank  with  a 
solenoid  operated  "trap  door"  mechanism  to  catch  fuel  leakage  through  a 
projectile  entry  hole.  This  arrangement  minimized  fire  hazard  by  limiting 
external  fuel  fire  to  the  vicinity  of  the  test  tank,  where  fire  could  be 
extinguished  with  the  two  CO?  nozzles. 

3.  INSTRUMENTATION 

a.  Temperature  Measurement 

A total  of  eight  thermocouples  (copper-constantan,  grounded  junction) 
were  provided  for  measuring  tank  surface,  ullage,  and  fuel  temperatures. 
Outputs  from  these  thermocouples  were  recorded  on  a Brown  recorder.  Five 
chromel-alumel  thermocouples  with  exposed  junction  made  from  0.003  in. 
diameter  wires  were  used  to  measure  the  ruel-air  reaction  temperatures 
at  various  locations  of  the  ullage.  Outputs  from  these  thermocouples  we^e 
on  a seven-channel  Offener  recorder. 
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b.  Pressure  Measurements 

The  tank  ullage  and  sample  bottle  pressures  were  monitored  with  two 
Wallace-Tiernan  absolute  pressure  gages  which  were  calibrated  to  read 
within  ± 0.1  psi.  Reaction  pressures  were  measured  using  three  strain- 
gage  type  transducers  {CEC-4-311,  0-200  psia)  and  Brush  6 KHz  carrier 
amplifiers.  Pressure  outputs  were  recorded  on  an  eight-channel  Brush 
oscillograph  with  high  frequency  galvanometers  which  have  flat  frequency 
characteristics  to  1000  Hz. 

c.  Fuel  vapor  analysis 

Four  sampling  probes  were  used  to  sample  the  fuel -air  mixture  at 
various  points  of  the  ullage.  Sampling  was  accomplished  by  means  of 
evacuated  sample  bottles  which  were  kept  at  4 to  5'F  above  the  ullage 
temperature.  These  samples  were  then  analyzed  using  a gas  chromatograph 
(Varian  1520B)  and  ionization  flame  dotector. 

d.  Motion  picture  coverage 

A high  speed  (6200  frames/sec.)  motion  picture  camera  was  used  to 
record  impact  phenomena  such  as  incendiary  activation  and  fuel  spray. 

Two  additional  cameras  (64  frames/sec.)  were  used  to  record  the  events 
taking  place  at  the  entrance  and  exit  plates. 
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SECTION  III 
TEST  PROCEDURE 

Test  variables  consisted  of  fuel  type,  fuel  depth,  fuel  temperature, 
ullage  condition,  ullage  pressure,  tank  geometry,  tank  volume,  entrance 
and  exit  plate  thickness,  vent  size,  and  projectile  type. 

The  bulk  of  the  tests  '(ere  conducted  with  JP-4  (current  Air  Force 
jet  fuel)  and  JP-8  (similar  to  commercial  JET  A-l).  Typical  inspection 
data  along  with  calculated  values  of  vapor  pressure,  molecular  weight, 
and  specific  gravity  for  these  fuels  are  given  in  the  Appendix.  In  the 
course  of  testing,  two  different  types  of  JP-8  were  used:  one  with  a 
nominal  flash  point  temperature  of  1 la^F  and  the  other  with  105°F. 

In  addition,  a limited  number  of  tests  were  conducted  with  JP-5  (Navy 
fuel),  jelled  JP-8  (2  percent  Dow  Jelling  Agent  XD-7129.1),  and  propane. 

In  tests  conducted  with  propane-air  mixtures,  a desired  fuel-air 
ratio  was  obtained  by  first  evacuating  the  test  tank  to  approximately 
6 psia  and  then  adding  a predetermined  amount  of  propane.  After  these 
steps  the  ullage  was  pressurized  with  bottled  air  to  a desired  test 
pressure  and  then  the  ullage  mixture  was  circulated  internally  to  assure 
a complete  mixing. 

For  regulating  fuel  temperature,  fuel  to  be  tested  was  conditioned 
separately  from  the  test  tank  by  either  heating  or  cooling.  For  this 
purpose,  fuel  to  be  conditioned  was  placed  in  five-gallon  containers 
which  were  then  olaced  in  either  a heated  canvas  enclosure  or  an 
industrial  freezer  depending  on  the  temperature  desired.  After  the 
conditioning,  the  fuel  was  introduced  into  the  tank  in  a measured 
quantity  to  provide  a desired  fuel  depth.  The  fuel  depth  was  measured 
along  the  trajectory  as  illustrated  in  Figures  8 and  9. 

Fuel-air  mixtures  within  the  test  ullage  were  regulated  to  produce 
either  homogeneous  equilibrium  or  nonequilibrium  conditions.  For  tests 
conducted  with  equilibrium  fuel-air  mixtures,  fuel  was  internally 
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Figure  9.  Rectangular  Tank  - Sectional  View 


AFAPL-TR-73-76 


circulated  through  a spraying  bar  for  twenty  minutes.  For  so-called 
"nonequilibrium”  tests,  the  test  fuel  was  allowed  to  rest  in  the  tank 
for  twenty  to  lirty  minutes  before  the  test  firing  was  made.  This 
waiting  period  was  chosen  to  provide  more  uniform  testing  conditions  for 
all  nonequilibrium  tests.  If  ullage  samples  were  to  be  taken,  they  were 
taken  at  the  end  of  circulation  time  or  waiting  period.  Ullage  pressures 
were  regulated  to  produce  14.5+  .3  psia  for  1-atmosphere  tests  and 
29.5  + .3  psia  for  2-atmosphere  tests.  Bottled  air  was  used  as  a source 
for  the  ullage  pressure. 

For  determining  effects  of  fuel  tank  geometry  and  volume,  two  types 
of  tanks  were  used;  cylindrical  and  rectangular.  The  cylindrical  tank 
was  used  in  two  basic  volume  configurations;  one  with  a 92  gallon 
capacity  and  the  other  with  a 185  gallon  capacity.  The  rectangular  tank 
was  used  in  three  volume  configurations:  100,  200,  and  300  gallons; 
however,  by  arranging  the  four  extensions  in  groups  of  two,  a total  of 
five  different  configurations  were  obtained.  These  configurations  are 
defined  in  Figure  10.  Configurations  D and  E are  identical  except  that 
E was  separated  into  three  equal  volumes  by  means  of  two  compartmenting 
plates.  The  plates  were  made  from  1/4  in.  thick  aluminum  sheet  with 
fourteen  1 1/2  In.  diameter  holes  arranged  in  two  rows  as  shown  in 
Figure  1 1 . 

With  the  exception  of  tests  conducted  to  determine  effects  of 
entrance  plate  thickness,  all  other  tests  utilized  0.125  in.  thick 
2024  T-3  aluminum  plates  as  entrance  plates.  0.125  in.  thick  entrance 
plates  when  used  with  4 in.  fuel  depth  provided  optimum  condition  for 
incendiary  functioning  at  the  central  region  cf  the  test  tank.  Exit 
plates  were  standardized  with  0.090  in.  thick,  2024  T-3  aluminum  plates. 

In  tests  conducted  to  determine  effects  of  venting,  four  vent  sizes 
were  used:  1,  2,  3 and  4 in.  inside  diameter.  These  vents  were  made 
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Figure  11.  Sectional  View  of  Rectangular  Tank  - Configuration  E 
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from  12  in.  long  steel  pipes  and  were  equipped  with  valves  to  provide 
closed  ullage  during  the  required  waiting  or  circulation  period. 

With  the  exception  of  eight  tests  conducted  with  14.5  - 113.8  mm  API, 
all  other  tests  were  conducted  with  50  caliber  API,  type  M-8  rounds. 
These  rounds  were  fired  at  the  service  muzzle  velocity  of  approximately 
2800  ft. /sec. 
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SECTION  IV 

TEST  RESULTS  AND  DISCUSSION 

The  first  part  of  the  tests  was  conducted  with  the  cylindrical  tank 
to  determine  effects  of  fuel  temperature,  ullage  pressure,  tank  volume, 
fuel  depth,  entrance  plate  thickness,  and  venting.  A limited  number  of 
tests  were  also  conducted  using  the  cylindrical  tank  to  Investigate 
effects  of  "whiffle"  balls,  14.5  - 113.8  mm  API  rounds,  and  jelled  JP-8 
on  ignition  and  reaction  over-pressures.  With  the  exception  of  the 
"whiffle"  ball  tests,  all  other  tests  were  conducted  with  nonequilibrium 
ullage  fuel-air  mixtures.  The  second  part  of  the  tests  was  conducted 
with  the  rectangular  tank  and  equilibrium  ullage  fuel-air  mixtures  to 
determine  effects  of  temperature,  pressure,  and  tank  configuration. 

1.  CYLINDRICAL  TANK 

a.  Temperature  Effects  (Nonequilibrium  Ullage) 

Tests  conducted  to  determine  effects  of  fuel  temperature  are  con- 
sidered as  standard  tests  and  the  following  variables  are  identified  as 
the  standard  test  variables:  four-inch  fuel  depth,  92  gallon  tank 
capacity,  0.125  in.  thick  entrance  plate,  0.090  in.  thick  exit  plate, 
atmospheric  ullage  pressure,  nonequilibrium  ullage  condition,  and 
50  caliber  API  at  service  velocity.  Results  of  tests  conducted  with  test 
variables  other  than  those  identified  above  were  compared  with  the 
results  of  the  standard  tests. 

Test  temperature  range  was  from  10  to  130°F.  Results  of  tests  con- 
ducted with  JP-4  and  JP-8  are  summarized  in  Tables  I and  II,  and  mean 
values  (ratio  of  reaction  over-pressure  (AP)  to  initial  ullage  pressure 
( Pj ) with  + one  standard  deviation  versus  temperature  are  plotted  in 
Figure  12.  Data  given  in  Table  II  include  results  from  tests  conducted 
with  both  105°F  and  118°F  flash  point  JP-8  fuels,  and  for  nonequilibrium 
tests,  the  small  difference  in  the  flash  point  temperature  has  no 
significant  effect  on  observed  results.  Figure  13  shows  typical  pressure- 
time profile  curves  reproduced  from  original  oscillograph  records. 
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TABLE  I 

EFFECTS  OF  TEMPERATURE  ON  IGNITION 
AND  REACTION  OVER-PRESSURE  - JP-4 


EFFECTS  OF  TEMPERATURE  ON  IGNITION 
AND  REACTION  OVER-PRESSURE  - JP-8 


- ± STANDARD  DEVIATION 


Atmospheric  Ullage  Pressure 
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Inspection  of  the  data  shows  that  flaimabllity  limits  - the  upper 
temperature  limit  for  JP-4  and  the  lower  temperature  limit  for  JP-8  - are 
significantly  extended  from  those  of  equilibrium  fuel-air  vapor  mixtures. 

In  tests  conducted  with  JP-8,  Ignition  was  observed  at  fuel  temperatures 
as  low  as  10°F.  At  this  temperature,  the  ullage  equilibrium  fuel-air  mass 
ratio  is  in  the  order  of  0.001  which  is  approximately  one-thirtieth  of 
that  corresponding  to  the  flash  point  temperature  of  JP-8.  Thus,  the 
ignition  observed  at  such  low  temperatures  represents  a significant 
extension  of  the  lower  temperature  limit  of  flammability.  Analysis  of 
high-speed  motion  picture  film  clearly  indicates  that  such  extension  is 
due  primarily  to  the  impact-produced  fuel  mists  and  sprays. 

In  tests  conducted  with  JP-4,  ignition  was  observed  at  test  temper- 
atures as  high  as  130°F.  However,  this  apparent  extension  of  the  upper 
temperature  limit  of  flammability  should  not  be  considered  as  a gunfire 
impact  effect  for  this  extension  is  due  mainly  to  the  nonequilibrium 
fuel-air  mixture  conditions  of  the  ullage.  Under  the  nonequilibrium 
test  conditions,  the  amount  of  fuel  vapor  in  ullaqe  is  totally  governed 
by  the  vaporization  rate.  Thus,  the  amount  of  fuel  vaporized  in  a "waiting" 
period  of  20  to  30  minutes  is  expected  to  increase  with  increasing  fuel 
temperature;  but  because  of  the  relatively  short  "waiting"  period  the 
amount  of  fuel  vaporized  at  a given  temperature  is  considerably  less 
than  the  equilibrium  fuel  concentration  corresponding  to  that  temperature. 
This  is  evidenced  by  the  ignition  observed  at  the  fuel  temperature  of 
130°F  which  is  well  above  the  upper  temperature  limit  of  flammability 
for  JP-4.  Inspection  of  the  test  data  given  in  Table  I shows  that  the 
relative  ignition  frequency  is  low  at  temperatures  below  40°F,  high 
between  the  temperatures  of  50  and  100°F,  and  low  again  above  the 
temperature  of  110°F.  This  behavior  is  directly  attributable  to  tha 
increasing  fuel  vapor  concentration  with  the  increasing  fuel  temperature 
and  is  similar  to  that  of  equilibrium  fuel-air  vapor  mixtures  over  the 
approximate  temperature  range  of  0 to  70°F. 
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ror  the  purpose  of  comparison,  12  tests  were  conducted  with  JP-4 
equilibrium  fuel-air  mixtures  over  the  temperature  range  of  64  to  94°F. 

All  other  test  variables  remained  as  previously  discussed.  As  shown  in 
Table  III,  none  of  the  tests  resulted  In  ignition.  Thus,  it  is  evident 
that  the  extension  of  the  upper  temperature  limit  of  fl amiability 
observed  in  nonequilibrium  tests  does  not  occur  in  equilibrium  tests. 

As  evidenced  by  large  values  of  standaid  deviation  in  mean  values  of 
AP/Pj,  there  exists  a considerable  variation  in  reaction  over-pressures 
over  a small  range  of  temperature.  For  example,  over  the  temperature 
range  of  90  to  99°F,  AP/Pj  resulting  from  JP-8  varied  from  1.66  to  2.67 
and  over  the  same  temperature  range  JP-4  AP/P]  varied  from  2.90  to  4.39. 
This  is  probably  due  to  the  random  nature  of  incendiary  activation  and 
fuel  mist-spray  formation,  and  some  variation  in  fuel  vapor  concentration. 
Because  of  the  large  variations  in  AP/Pj,  it  is  very  difficult  to 
characterize  any  given  test  shot  in  terms  of  AP/P;.  However,  when  mean 
values  of  AP/Pj  are  plotted  as  a function  of  temperature  as  in  Figure  12 
there  appears  to  be  a clear  trend.  For  JP-4,  AP/Pj  increases  with 
increasing  temperature  up  to  80°F,  and  thereafter,  decreases  with 
increasing  temperature.  Here  again,  as  in  the  case  of  ignition,  this 
behavior  can  be  attributed  to  the  increasing  fuel  vapor  concentration 
with  increasing  temperature.  As  seen  in  Figure  12,  the  shape  of  the 
plotted  curve  for  JP-4  is  very  similar  to  that  of  the  equilibrium 
fuel-air  vapor  mixtures.  The  only  exception  is  that  the  plotted  non- 
equilibrium curve  is  displaced  upward  in  temperature. 

For  JP-8,  AP/P]  increases  very  slowly  with  increasing  fuel  temperature 
over  the  temperature  range  of  10  to  120°F  and  a considerable  increase 
thereafter.  This  nearly  temperature  independent  nature  of  AP/Pj  below  the 
flash  point  temperature  of  JP-8  indicates  that  reactions  taking  place 
below  the  flash  point  temperature  involve  mainly  impact-produced  fuel 
mists  and  sprays. 


AFAPL-TR-73-76 


TABLE  III 

EFFECTS  OF  EQUILIBRIUM  FUEL -AIR 
MIXTURE  ON  IGNITION  - JP-4 


Test  No. 

Fuel  Temp. 
°F 

Initial  Pressure 
psia 

Fuel-Air 
Mass  Ratio 

Ignition 

337 

94 

14.5 

.466 

No 

338 

94 

14.5 

.466 

No 

339 

94 

15.5 

.431 

No 

340 

91 

15.5 

,400 

No 

341 

90 

15.5 

.395 

No 

342 

90 

15.4 

.398 

No 

343 

90 

14.5 

.427 

No 

344 

64 

15.1 

.212 

No 

345 

64 

15.0 

.213 

No 

346 

65 

15.0 

.220 

No 

347 

67 

15.1 

.229 

No 

348 

67 

15.1 

.229 

No 
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b.  Effects  of  Two-Atmosphere  Ullage  Pressure 
(Nonequilibrium  Ullage) 

Results  of  tests  conducted  to  determine  effects  of  increased  ullage 
pressure  on  ignition  and  reaction  over-pressure  for  JP-4  and  JP-8  are 
presented  in  Table  IV.  With  the  exception  of  increased  ullage  pressure, 
all  test  variables  used  in  this  test  series  are  identical  to  those  used 
In  the  standard  test  series. 

All  tests  conducted  with  JP-4  resulted  in  a massive  failure  of  exit 
plates;  thus  true  maximum  reaction  over-pressure;  for  these  tests  could 
not  be  determined.  A ruptured  exit  plate  is  shown  in  Figure  14.  Reaction 
over-pressures  given  in  Table  IV  are  those  pressures  at  which  exit  plates 
were  ruptured.  This  massive  failure  of  the  exit  plate  also  created  a 
severe  fire  hazard  at  the  vicinity  of  the  test  article,  thus  necessitating 
a limit  to  the  number  of  tests  to  be  conducted  with  JP-4  to  two  tests 
each  at  70°F  and  110°F.  Because  of  this  limited  number  of  tests  an 
extensive  analysis  cannot  be  made.  However,  when  compared  with  the 
results  of  JP-4  tests  conducted  with  one  atmosphere  initial  ullage 
pressure  it  becomes  evident  that  increasing  initial  ullage  pressure 
results  in  a substantial  increase  in  reaction  over-pressures. 

Results  of  tests  conducted  with  JP-8  show  that  both  ignition  and 
reaction  over-pressure  are  not  consistent.  Out  of  12  tests  conducted  with 
JP-8  only  six  resulted  in  ignition.  Of  those  ignited,  three  tests 
resulted  in  reaction  over-pressures  comparable  to  those  of  1 atmosphere 
tests  and  the  other  three  considerably  higher.  In  view  of  this  in- 
consistent nature  of  the  result,  no  meaningful  conclusion,  other  than 
that  increased  ullage  pressure  can  Increase  reaction  over-pressures,  can 
be  made  on  the  effects  of  increased  ullage  pressure. 

c.  Effects  of  Fuel  Depth  (Nonequilibrium  Ullage) 

This  series  of  tests  was  conducted  to  determine  effects  of  fuel 
depth  on  ignition  and  reaction  over-pressures  for  JP-8  and  JP-4.  Results 
of  tests  conducted  with  JP-8  are  summarized  in  Table  V and  mean  values  of 
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TABLE  IV 

EFFECTS  OF  TWO-ATMOSPHERE  ULLAGE  PRESSURE 
OH  IGNITION  AND  REACTION  OVER-PRESSURE 


Fuel 

Test 

Fuel  Temp. 

Initial  Pressure 

Reaction  Pressure 

Type 

Number 

°F 

psia 

Psi 

285 

71 

29.5 

0 

286 

70 

29.6 

48 

287 

70 

29.6 

0 

288 

68 

29.5 

0 

289 

90 

29.5 

53 

JP-8 

290 

93 

29.5 

0 

291 

88 

29.5 

24 

292 

90 

29.4 

47 

293 

109 

29.4 

34 

294 

110 

29.5 

39 

295 

111 

29.5 

0 

296 

109 

29.4 

0 

310 

72 

29.5 

>101* 

328 

66 

29.5 

>100* 

JP-4 

319 

109 

29.4 

> 86* 

320 

110 

29.4 

>108* 

♦Pressure  at  which  exit  plate  ruptured 
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AP/P]  along  with  + standard  deviations  are  plotted  as  a function  of  fuel 
depth  In  Figure  15.  JP-4  results  are  given  in  Table  VI.  With  the  exception 
of  fuel  depth,  all  test  variables  used  in  this  series  of  tests  are 
identical  to  those  used  in  the  standard  test  series.  Initial  fuel  temper- 
ature was  kept  constant  at  95  + 5°F  and  fuel  depth  was  varied  from 
2 to  16  in.  in  increments  of  2 In. 

Inspection  of  JP-8  data  given  in  Table  V shows  that  increasing  fuel 
depth  from  2 to  12  in.  has  no  significant  effect  on  ignition.  However, 
at  14  and  16  In.  of  fuel  depth  the  percentage  of  ignition  is  reduced 
considerably.  When  mean  values  of  AP/Pj  are  plotted  against  fuel  depth, 
as  In  Figure  15,  it  becomes  apparent  that  reaction  over-pressures  are 
largest  between  the  fuel  depth  of  4 to  8 ;n.  and  decrease  thereafter 
with  increasing  fuel  depth.  This  is  probably  due  to  reduction  of  incendiary 
particles  and  fuel  spray.  Analysis  of  high  speed  motion  picture  film 
clearly  indicates  that  both  incendiary  particles  and  fuel  spray  decrease 
with  increasing  fuel  depth.  It  appears  that  incendiary  particles  activated 
at  the  entrance  plate  were  partially  quenched  within  the  liquid  medium 
and,  as  the  fuel  depth  was  increased,  an  increasing  number  of  incendiary 
particles  were  quenched.  At  the  fuel  depth  of  16  in.  a near  total 
quenching  was  observed,  which  is  probably  the  cause  for  significant 
reduction  in  ignition  at  this  fuel  depth. 

With  the  Increasing  fuel  depth,  a gradual  reduction  of  fuel  spray 
was  observed.  Since  all  tests  were  conducted  with  nonflammable  (fuel-lean) 
fuel-air  mixtures,  the  amount  of  fuel  burned  is  totally  governed  by  the 
amount  of  fuel  spray  produced.  Thus,  with  reduction  of  fuel  spray, 
reaction  over-pressures  are  expecteo  to  decrease.  At  the  fuel  depth  of 
4 in.,  fuel  spray  produced  by  the  impacting  projectile  as  widely 
distributed  within  the  ullage.  However,  when  fuel  depth  was  increased 
to  16  In.,  fuel  spray  was  produced  mainly  along  the  projectile  path. 

This  may  account  for  the  50  percent  reduction  in  reaction  over-pressure 
observed  when  the  fuel  depth  was  increased  from  4 to  16  in. 
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Inspection  of  JP-4  data  given  in  Table  VI  shows  that  none  of  the 
tests  conducted  with  increased  fuel  depth  at  a constant  temperature 
of  ~ 90°F  and  pressure  of  1 atmosphere  resulted  in  ignition.  However, 
when  tests  were  conducted  with  either  increased  ullage  pressure 
(2  atmospheres)  or  decreased  fuel  temperature  (60°F),  either  of  which 
leads  to  a lower  fuel  concentration,  ignition  did  occur.  When  these 
results  are  compared  with  the  results  of  tests  conducted  with  4 in.  fuel 
depth,  it  becomes  evident  that  increasing  fuel  depth  has  an  effect  of 
increasing  fuel  concentration.  Since  fuel  spray  decreases  with  Increasing 
fuel  depth  it  is  believed  that  the  increase  in  fuel  concentration  is 
entirely  due  to  an  increase  in  fuel  vapor  concentration.  This  can  be 
explained  if  tank  geometry  is  considered  in  conjunction  with  increasing 
fuel  depth.  The  tank  geometry  is  such  that  increasing  fuel  depth  also 
increases  surface  area  of  the  liquid  fuel.  The  surface  area  corresponding 
to  an  8 in.  fuel  depth  is  four  to  five  times  as  large  as  that  of  4 in. 
fuel  depth.  Since  vaporization  rate  depends  greatly  on  the  surface  area 
of  the  liquid  fuel  the  amount  of  fuel  vaporized  in  a given  time  from  a 
larger  surface  area  is  expected  to  be  greater  than  that  from  a smaller 
area.  Thus,  in  the  tests  conducted  with  increased  fuel  depth  and  fuel 
temperature  of  -»90<IF,  evidently,  a sufficient  amount  of  fuel  was 
vaporized  during  the  "waiting"  period  of  20  to  30  minutes  to  cause 
fuel-air  mixtures  to  become  nonflammable  (fuel-rich). 

d.  Effects  of  Increased  Ullage  Volume  (Nonequilibrium  Ullage) 

This  series  of  tests  was  conducted  to  determine  effects  of  increased 
tank  volume  (185  gallon)  on  ignition  and  reaction  over-pressures  for 
JP-8  and  JP-4.  With  the  exception  of  the  tank  volume,  all  test  variables 
used  in  this  test  series  are  Identical  to  those  used  in  the  standard 
test  series.  Test  temperatures  were  ~ 70,  ~ 90,  and  ~110°F  and  ullage 
pressures  were  1 and  2 atmospheres.  Test  results  are  presented  in 
Table  VII. 

Comparison  of  OP-8  data  given  in  Table  VII  with  the  results  of  the 
standard  test  series  indicates  that  increasing  ullage  volume  has  no 
effect  on  ignition  but  has  a significan  effect  on  reaction  over-pressures. 
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REACTION  OVER-PRESSURES.  JP-4  AND  JP-8 
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Reaction  over-pressures  are  approximately  one-half  of  those  observed  in 
the  standard  test  series.  This  is  probably  due  to  the  fact  that  the 
amount  of  fuel  spray  produced  is  independent  of  tank  size.  A similar 
result  was  also  observed  in  tests  conducted  with  two  atmosphere  ullage 
pressure. 

In  tests  conducted  with  JP-4  at  one-atmosphere  ullage  pressure, 
reaction  over-pressures  were  nearly  constant  over  the  temperature  range 
of  70  to  I10°F  and  ranged  from  a minimum  of  51  psi  to  a maximum  of  62  psi. 
When  these  results  were  compared  with  the  results  of  the  standard  test 
series,  reaction  over-pressures  observed  at  70  and  90°F  are  comparable 
and  at  110°F  considerably  higher.  In  order  for  this  to  occur,  the  amount 
of  fuel  combusted  in  the  extended  tank  must  be  at  least  twice  as  much  as 
that  combusted  in  the  standard  tank.  Under  the  test  conditions,  the 
amount  of  fuel  vapor  present  in  the  ullage  is  approximately  the  same 
for  both  tanks;  thus,  it  is  seen  that  a greater  part  of  the  additional 
fuel  combusted  in  the  extended  tank  must  be  in  the  form  of  fuel  mists 
and  sprays. 

In  tests  conducted  with  two-atmosphere  ullage  pressure  and  fuel 
temperature  of  ~ 74°F,  no  appreciable  change  in  both  ignition  and 
reaction  over-pressure  was  observed.  However,  when  tests  were  conducted 
with  the  increased  fuel  temperature  (91°  and  11 0° F ) , all  tests  resulted 
in  a massive  failure  of  exit  plates.  This  result  is  similar  to  that  of 
tests  conducted  with  the  standard  tank  at  two-atmosphere  ullage  pressure; 
thus,  results  discussed  in  that  section  can  also  be  applied  in  this 
section. 


e.  Effects  of  Entrance  Plate  Thickness  (Nonequilibrium 
Ullage) 

This  series  of  tests  was  conducted  to  determine  effects  of  entrance 
plate  thickness  on  ignition  and  reaction  over-pressures  for  JP-8. 

With  the  exception  of  entrance  plate  thickness  which  was  varied  from 
0.090  to  0.375  in.,  all  test  variables  used  in  this  test  series  are 
identical  to  those  used  in  the  standard  test  series.  Initial  fuel 
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temperature  was  maintained  at  95  + 5°F  and  ullage  pressure  at  atmospheric 
pressure.  Test  results  are  summarized  in  Table  VIII  and  mean  values  of 
AP/Pj  along  with  + standard  deviations  are  plotted  against  the  entrance 
plate  thickness  in  Figure  16. 

Inspection  of  data  given  in  Table  VIII  shows  that  both  ignition  and 
reaction  over-pressures  do  not  vary  appreciably  with  the  varying  entrance 
plate  thickness. 

f.  Effects  of  Venting  (Nonequilibrium  Ullage) 

This  series  of  tests  was  conducted  to  determine  effects  of  venting 
on  ignition  and  reaction  over-pressures  for  JP-8  and  propane.  For  tests 
conducted  with  JP-8,  test  variables  with  the  exception  of  venting  were 
identical  to  those  used  in  the  standard  test  series.  Vent  size  was 
varied  from  1 in.  I.D.  to  4 in.  I.D.  and  fuel  temperature  was  maintained 
at  95  + 5°F.  For  tests  conducted  with  propane,  propane  was  mixed  with  air 
at  atmospheric  pressure  to  provide  4.2  percent  by  volume.  Results  of 
tests  are  summarized  in  Table  IX  and  mean  values  of  AP/Pj  along  with  ± 
standard  deviation  are  plotted  as  a function  of  vent  area  in  Figure  17. 

Inspection  of  data  given  in  Table  IX  shows  that  addition  of  vents 
has  no  effect  on  ignition  for  both  JP-8  and  propane.  This  was  expected 
since  addition  of  vents  did  not  alter  any  factors  governing  both  fuel 
spray  and  incendiary  activation.  Addition  of  vents,  however,  was  expected 
to  decrease  maximum  reaction  over-pressures  by  relieving  unburned  fuel 
vapors  as  well  as  reaction  pressures.  Although  it  was  observed  that 
increasing  vent  size  did  decrease  the  maximum  reaction  over-pressures, 
the  decrease  was  not  as  great  as  was  expected.  The  mean  dP/P;  obtained 
from  tests  conducted  with  a 2 in.  vent  is  only  10  to  12  percent  lower 
than  that  of  tests  conducted  without  a vent,  and  only  30  to  40  percent 
lower  with  the  4 in.  vent.  This  is  probably  due  to  the  high  rate  of 
pressure  rise  associated  with  gunfire  induced  fuel-air  reactions. 
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in  Tests  Conducted  with  OP-8  at  Four-Inch  Fuel  Depth, 

95  ± 5°F,  and  Atmospheric  Ullage  Pressure  (92-Gallon  Tank) 


Vent  Area 
Sq.  Inches 

0 


Number  of 
Tests 


.785 

3.141 

7.068 

12.566 

0 

.785 

3.141 

7.068 


17 

5 

5 

5 

5 

5 

5 

5 

5 


12.566 


5 


Number  of 
Ignitions 

Mean 

(AP/Pj) 

Standard 

Deviation 

14 

2.129 

.3219 

5 

1.996 

.2684 

5 

1.894 

.1868 

5 

1.532 

.1890 

5 

1.312 

.4568 

5 

6.196 

.0767 

5 

6.100 

.2474 

5 

5.460 

.5677 

5 

4.460 

.1642 

5 

4.266 

.4619 
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Effect  of  Vent  Area  on  Reaction  Over-Pressure  in  Tests  Conducted  with  Propane  and  JP-; 
4.2  Volume  Percent  Propane-Air  Mixtures  at  Atmospheric  Pressure  and  JP-8  at  95  ± 5°F, 
Four-Inch  Fuel  Depth,  and  Atmospheric  Ullage  Pressure  (92-Gallon  Tank) 
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g.  Effects  of  14.5  - 113.8  urn  API  (Nonequilibrium  Ullage) 

A total  of  eight  tests,  four  each  witn  JP-8  and  OP-4,  was  conducted 
to  determine  effects  of  Russian  14.5  - 113.8  mm  API  on  ignition  and 
reaction  over-pressures.  Test  variables  used  in  these  tests  are  identical 
to  those  used  in  the  standard  test  series.  Initial  fuel  temperature  was 
maintained  at  93  ± 3°F.  Results  are  given  in  Table  X. 

When  results  of  these  tests  are  compared  with  the  results  obtained 
in  the  standard  test  series,  there  appear  to  be  no  significant  differences 
In  results.  Thus,  on  the  basis  of  these  eight  tests  it  is  concluded  that 
Russian  14.5  - 113.8  mm  API  and  U.S.  50  caliber  API  rounds  are  comparable 
In  producing  impact-induced  fuel-air  reaction  phenomena. 

h.  Effects  of  Jelled  JP-8  (No.-equilibrium  Ullage) 

A total  of  eight  tests  was  conducted  with  jelled  JP-8  (2  percent  Dow 
Jelling  Agent  XD-7129.1)  over  the  temperature  range  of  55  to  8D°F.  Test 
variables  used  are  identical  to  those  used  in  the  standard  test  series. 
Results  are  presented  In  Table  XI. 

Comparison  of  results  given  in  Table  XI  with  the  results  of  JP-8  tests 
conducted  in  the  standard  test  series  shows  that  reaction  overpressures 
obtained  with  the  jelled  JP-8  are  slightly  higher  than  those  of  neat  JP-8. 
However,  in  view  of  the  fact  that  there  exists  a large  variation  In 
observed  reaction  over-pressures  such  differences  cannot  be  considered 
significant.  Thus,  on  the  basis  of  these  eight  tests,  it  is  concluded 
that  under  the  vertical  Impact  conditions,  jelled  JP-8  behaves  similarly 
to  neat  JP-8. 

i.  Effects  of  "Whiffle"  Balls  (Equilibrium  Ullage) 

This  series  of  tests  was  conducted  to  determine  effects  of  "whiffle" 
balls  on  ignition  and  reaction  ovr-pressures  for  JP-8  and  JP-4.  For 
these  tests,  the  test  tank  (92  gal’-n  capacity)  was  completely  packed  with 
mixed  balls  consisting  of  practice  _ f balls  and  1 in.  diameter  perforated 
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TABLE  XI 

JELLED  JP-8  (2  PER  CENT  DOW  JELLING  AGENT, 
Xu-7129.1 ) TEST  RESULTS 


Test 

Number 

Fuel  Temp. 
°F 

Fuel  Depth 
Inches 

Initial  Pressure 
psia 

(6P)p 

PSV 

329 

55 

4.0 

14.44 

0 

330 

80 

3.7 

14.44 

47 

331 

74 

3.9 

14.44 

41 

332 

69 

4.0 

14.44 

34 

333 

67 

3.9 

14.43 

33 

334 

69 

4.1 

14.43 

0 

335 

73 

3.9 

14.43 

0 

336 

72 

4.1 

14.43 
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hollow  balls  in  approximately  equal  proportion  by  volume.  Each  practice 
golf  ball  has  an  outside  diameter  of  1 3/A  in.  with  13  performations 
approximately  0.20  in.  in  diameter.  Each  1 in.  diameter  hollow  ball  is 
made  from  high-density  polyethylene  with  a nominal  wall  thickness  of 
0.10  in.  and  34  uniformly  spaced  performations  0.060  in.  in  diameter 
(Reference  6).  Fuel  to  be  tested  was  circulated  by  ising  a spraying 
bar  through  the  ullage  (filled  with  "whiffle1'  balls)  to  produce  equilib- 
rium fuel-air  mixture.  All  other  test  variables  used  in  this  test  series 
are  identical  to  those  used  in  the  standard  test  series.  Initial  fuel 
temperatures  were  86  to  97°F  for  JP-8  and  18  to  57°F  for  JP-4.  In 
addition  to  tests  conducted  with  atmospheric  ullage  pressure,  tests  were 
also  conducted  with  2- atmosphere  ullage  pressure.  Because  of  these  initial 
temperature-pressure  conditions,  the  ullage  fuel-air  mixtures  were 
nonflammable  (fuel-lean)  for  all  JP-8  tests  and  flammable  for  JP-4. 

Results  of  these  tests  are  presented  in  Table  XII. 

In  tests  conducted  with  JP-8  at  1-atmosphere  ullage  pressure,  the 
reaction  over-pressures  ranged  from  only  1 to  2.5  psi,  which  is  well 
below  the  reaction  observed  in  tests  conducted  under  similar  conditions 
but  without  "whiffle"  balls.  And  in  tests  conducted  with  2-atmosphere 
ullage  pressure,  only  one  of  the  five  tests  resulted  in  ignition.  The 
reaction  over-pressure  from  this  test  shot  is  merely  1 psi.  These 
results  can  be  attributed  to  partial  suppression  of  impact-produced 
fuel  mists  and  sprays,  thus  limiting  fuel-air  reactions  within  the 
impacted  region  of  the  ullage.  No  flame  propagation  beyond  this  region 
was  observed.  Results  of  these  tests  are  very  significant  in  that  the 
reaction  oven-pressures  are  well  within  the  pressure  limit  of  operational 
aircraft  fuel  tanks. 

In  tests  conducted  with  JP-4  at  both  1 and  2-atmosphere  ullage 
pressures,  a significant  reduction  in  reaction  over-pressures  was  also 
observed.  In  1-atmosphere  tests,  the  reaction  over-pressures  ranged  from 
3 to  24  psi,  and  2 to  49  psi  in  two-atmosphere  tests.  This  reduction  in 
reaction  over-pressures  is  probably  due  to  combined  effects  of  reduced 
fuel  mists  and  sprays,  partial  quenching  of  flame,  and  cooling  of 
combustion  products  by  "whiffle"  balls. 
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TABLE  XII 

EFFECTS  OF  "WHIFFLE  BALLS"  ON  IGNITION  AND 
REACTION  OVER-PRESSURE 


Fuel 

Test 

Fuel  Temp. 

Fuel  Depth 

Initial 

(AP)p 

Type 

Number 

°F 

Inches 

Pressure 

psi 

423 

86 

4.3 

14.4 

0 

424 

90 

4.1 

■ 

2.5 

425 

92 

4.2 

2.0 

426 

87 

4.2 

II 

0 

427 

90 

4,1 

« 

1.0 

JP-8 

428 

93 

4.6 

29.4 

1.0 

429 

91 

4.3 

29.3 

0 

430 

96 

4.1 

29.5 

0 

431 

97 

3.9 

29.6 

0 

432 

95 

4.0 

29.6 

0 

433 

22 

4.1 

14.4 

0 

434 

18 

“ 

10 

435 

25 

“ 

3 

436 

24 

» 

0 

437 

39 

4.1 

“ 

0 

442 

57 

4.0 

“ 

24 

JP-4 

438 

43 

3.9 

29.5 

49 

439 

56 

4.0 

29.5 

38 

440 

40 

4.0 

29.4 

441 


41 


4.0 


29.5 
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3.  RECTANGULAR  TANK 

This  series  of  tests  was  conducted  with  various  rectangular  tank 
configurations  defined  in  Figure  10  as  Configurations  A,  B,  C,  D,  and  E 
to  determine  effects  of  fuel-air  mass  ratios  of  initial  ullage  fuel-air 
mixtures  on  ignition  and  reaction  over-pressure.  Test  parameters  used  in 
this  test  series  are  essentially  the  same  as  those  used  in  the  standard 
test  series  of  the  cylindrical  tank;  namely,  they  are:  50  caliber  API 
rounds  fired  at  approximate  service  velocity  of  2800  ft/sec.,  2024  T-3 
aluminum  for  entrance  and  exit  plates  with  respective  thicknesses  of 
0.125  in.  and  0.090  in.,  and  4 in.  of  fuel  depth.  Impact  angle  was 
changed  from  90°  of  cylindrical  tank  tests  to  60°;  this  change  was  made 
to  insure  a proper  functioning  of  incendiary  rounds  within  the  reduced 
ullage  height  of  the  rectangular  tanks.  Fuel  to  be  tested  was  circulated 
internally  to  produce  equilibrium  ullage  fuel-air  mixtures  and  fuel-air 
mass  ratios  were  varied  by  either  varying  fuel  temperature  or  ullage 
pressure. 

Results  of  tests  are  given  in  Tables  XIII  through  XVII.  Symbols  used 
In  these  tables  are  defined  as  follows: 

T^  equilibrium  fuel  temperature  in  °F 

P-  equilibrium  fuel  vapor  pressure  in  psi  (calculated  by 

using  the  method  outlined  in  Appendix  I) 

M,  average  molecular  weight  of  fuel  vapor  (calculated  by 

using  the  method  outlined  in  the  Appendix) 

Pj  initial  ullage  pressure  in  psia 

F/A  fuel-air  mass  ratio 

AP/Pj  ratio  of  reaction  over-pressure  to  initial  ullage  pressure 

tp  duration  of  time  in  milliseconds  from  impact  to  maximum 

K reaction  over-pressure  (defined  in  Figure  18) 

(AP/At),  Initial  pressure  rise  rate  in  psi  per  millisecond  (defined 
1 in  Figure  18) 
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RESULTS  OF  TESTS  CONDUCTED  WITH  RECTANGULAR  TANK 
CONFIGURATION  A 
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TABLE  XIV 

RESULTS  OF  TESTS  CONDUCTED  WITH  RECTANGULAR  TANK 
CONFIGURATION  B 


RESULTS  OF  TESTS  CONDUCTED  WITH  RECTANGULAR  TANK 
CONFIGURATION  C 
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RESULTS  OF  TESTS  CONDUCTED  WITH  RECTANGULAR  TANK 
CONFIGURATION  D 
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RESULTS  OF  TESTS  CONDUCTED  WITH  RECTANGULAR  TANK 
CONFIGURATION  E 
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Inspection  of  data  shows  the  following  results  to  be  evident.  The 
fuel-air  mass  ratio  corresponding  to  the  lower  limit  of  flammability  is 
extended  to  well  below  its  normal  value  of  0.03;  the  fuel-air  mass  ratio 
corresponding  to  the  upper  limit  of  flammability  is  significantly  reduced 
from  its  normal  value  of  0.28. 

a.  Effects  of  Initial  Fuel -Air  Hass  Ratios  on  Ignition 

In  presenting  the  summary  of  ignition  results  involving  various 
rectangular  tank  configurations  in  Table  XVIII,  JP-4  and  JP-8  data  were 
pooled  in  terms  of  fuel-air  mass  ratios  (F/A)  of  initial  ullage  fuel-air 
mixtures.  Pooling  of  the  data  is  justified  since  equilibrium  flammability 
characteristics  of  both  JP-4  and  JP-8  are  expected  to  behave  similarly 
over  a given  range  of  fuel-air  mass  ratios.  From  Doth  JP-4  and  JP-8, 
fuel-air  mixtures  with  fuel-air  mass  ratios  in  the  range  of  0.03  to  0.28 
are  normally  considered  flammable  and  fuel-air  mixtures  with  fuel-air 
mass  ratios  outside  this  range  nonflammable. 

Data  obtained  from  tests  conducted  with  initial  fuel -air  mass  ratios 
ranging  from  0.002  to  0.28  indicate  that  fuel-air  mixtures  with  fuel-air 
mass  ratios  greater  than  0.11  could  not  be  ignited.  A total  of  19  tests 
was  conducted  with  initial  fuel-air  mixtures  ranging  in  fuel-air  mass 
ratios  from  0.11  to  0.18,  and  although  it  was  observed  that  incendiary 
rounds  were  properly  functioned  in  all  19  tests,  none  of  these  tests 
resulted  in  ignition.  Of  19  tests,  13  were  conducted  with  fuel-air  mass 
ratios  between  0.11  and  0,13,  which  is  approximately  one-half  of  the 
fuel-air  mass  ratio  corresponding  to  the  normal  upper  limit  of  flammability. 
Thus,  it  is  evident  that  under  the  conditions  employed  in  this  test 
series  the  normal  upper  limit  of  flammability  is  significantly  depressed. 
This  behavior  of  depressing  the  upper  limit  of  flammability  can  be 
attributed  to  the  impact-produced  fuel  mists  and  sprays.  Addition  of 
fuel  mists  and  vapors  to  the  initially  flammable  fuel-air  mixtures  of 
fuel-air  ratio  greater  than  0.11  evidently  leads  to  fuel  over-rich 
conditions  for  ignition. 
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As  noted  in  Table  XVIII,  tests  conducted  with  initially  nonflammable 
ullage  fuel-air  mixtures  of  fuel-air  mass  ratio  less  than  0.03  showed 
that  fuel-air  mixtures  with  fuel-air  mass  ratio  as  low  as  0.002  can  be 
ignited.  This  result  is  comparable  to  that  observed  in  tests  conducted 
with  nonequilibrium  fuel-air  mixtures  of  the  cylindrical  tank  and,  as 
before,  can  be  attributed  to  the  impact-produced  fuel  mists  and  sprays. 

The  percentage  of  tests  resulting  in  ignition  is  quite  different  for 
different  tank  configurations  and  varied  from  the  low  value  of  26.7 
percent  with  tank  configuration  B to  the  high  value  of  62.5  percent  with 
tank  configuration  A.  Although  no  apparent  reason  for  these  differences 
can  be  found,  it  is  evident  that  smaller  tank  volume  (configuration  A) 
presents  the  most  severe  ignition  hazard.  Results  of  this  series  of  tests 
also  showed  that  unless  specific  measures  were  taken  to  suppress  fuel 
mists  and  sprays  the  lower  limit  of  flammability  cannot  be  used  in 
assessing  potential  hazards  associated  with  aircraft  fuel  tank  explosion. 

In  attempt  to  determine  effects  of  initially  flammable  ullage  fuel-air 
mixtures  of  fuel-air  mass  ratio  ranging  from  0.03  to  0.11  on  ignition,  a 
total  of  18  tests  was  conducted  with  tank  configuration  A.  Results  of 
these  tests  indicated  that  the  percentage  of  tests  resulting  in  ignition 
is  essentially  the  same  as  that  of  nonflammable  fuel-lean  fuel-air 
mixtures.  This  suggests  that  for  tank  configuration  A,  fuel  mists  and 
sprays  are  the  primary  factors  governing  ignition.  Because  of  the  limited 
number  of  tests  conducted  with  tank  configurations  B,  C,  D,  and  E no 
meaningful  conclusion  on  the  effects  of  initial  fuel-air  mass  ratio  on 
ignition  can  be  made.  However,  on  the  basis  of  available  data,  it  can 
safely  be  assumed  that  there  exists  no  Significant  difference  in  ignition 
between  initially  flammable  and  nonflammable  (fuel-lean)  fuel-air 
mixtures.  Thus,  this  assumption  along  with  the  results  of  tests  conducted 
with  tank  configuration  A leads  us  to  believe  that  for  a given  tank 
configuration,  initial  fuel  air  mixtures  are  either  too  fuel-rich  to 
ignite  (F/A  > 0.11)  or  equally  ignitible  (F/A  < 0.11).  If  this  result 
were  to  be  interpreted  in  terms  of  equilibrium  r el  temperature  and 
atmospheric  ullage  pressure,  the  upper  temperature  limits  of  flammability 
for  JP-4  and  JP-8  are  38°F  and  146°F  respectively. 
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b.  Effects  of  Initial  Fuel-Air  Mass  Ratio  on  Reaction 
Over-Pressures 

Figures  19  to  22  present  results  of  tests  conducted  with  various 
rectangular  tank  configurations.  Circles  and  triangles  iri  these  figures 
represent  JP-8  and  JF-4  data  points  respectively.  For  data  points 
represented  by  dark  triangles  in  Figures  19  and  21,  AP/P]  values  were 
computed  from  reaction  over-pressures  at  which  tank  exit  plates  were 
ruptured.  Thus,  actual  AP/Pj  values  for  these  tests  could  be  higher  than 
those  indicated  in  these  figures.  All  tests  resulting  in  a rupture  of 
exit  plates  were  conducted  with  JP-4  at  2-atmosphere  initial  ullage 
pressure  and  rupture  pressures  ranged  from  126  psig  to  170  psig.  Figure  23 
presents  typical  pressure-time  profile  records  for  tank  configurations  A 
and  D. 

Inspection  of  Figure  19,  which  presents  results  of  tests  conducted 
with  tank  configuration  A,  shows  that  reaction  over-pressures  (AP/Pj) 
are  nearly  constant  over  a wide  range  of  fuel-air  mass  ratios  of  the 
initial  ullage  fuel-air  mixtures.  The  fact  that  reaction  over-pressures 
associated  with  initially  nonflammable  fuel-lean  fuel-air  mixtures 
(F/A  < 0.03)  are  comparable  to  those  of  initially  flammable  fuel-air 
mixtures  (F/A  > 0.03)  suggests  that  impact-produced  fuel  mists  and 
sprays  are  most  significant  factors  governing  reaction  over-pressures. 

The  maximum  AP/Pj  obtained  in  this  series  of  tests  is  4.27,  which  is 
approximately  one-half  of  the  maximum  theoretically  possible  value.  tp 
(time  to  reach  peak  reaction  over-pressure  from  an  initial  impact)  and 
AP/ At) j (initial  pressure  rise  rate)  are  plotted  as  a function  of  initial 
fuel-air  mass  ratios  in  Figures  24  and  25  respectively.  These  figures 
show  that  initially  flammable  fuel-air  mixtures  reach  peak  reaction  over- 
pressures in  shorter  time  and  at  a faster  pressure  rise  rate  than  those  of 
initially  nonflammable  fuel-lean  fuel-air  mixtures. 

As  noted  in  Figure  20,  reaction  over-pressures  obtained  from  tests 
conducted  with  tank  configuration  B are  also  nearly  constant  over  the 
fuel-air  mass  ratio  range  of  0.0016  to  0.0931.  Reaction  over-pressures 
are  lower  when  compared  with  those  of  tank  configuration  A and  ranged 
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from  the  low  value  of  1.90  to  the  high  value  cf  2.73.  The  time  to  reach 
peak  reaction  over-pressure  ranged  from  90  to  933  milliseconds,  and 
surprisingly,  the  shortest  time  is  obtained  from  a test  conducted  with 
initially  nonflammable  fuel-lean  fuel-air  mixtures.  The  initial  pressure 
rise  rates  are  nearly  constant  ranging  from  750  to  930  psi/second. 

Results  of  tests  conducted  with  tank  configuration  D are  plotted  in 
Figure  21.  Unlike  results  of  tank  configurations  A and  B,  reaction  over- 
pressures in  this  series  of  tests  increased  significantly  with  increased 
initial  fuel-air  mass  ratio.  Reaction  over-pressures  associated  with  the 
initially  nonflammable  fuel-lean  fuel-air  mixtures  ranged  from  2.37  to 
2.64;  however,  when  fuel-air  mass  ratio  was  increased  to  .0798,  reaction 
over-pressure  increased  to  5.29  at  which  the  exit  plate  ruptured.  This 
increase  in  reaction  over-pressure  is  probably  due  to  the  fact  that 
initial  fuel  mist-spray  reaction  near  the  impacted  central  region  of  the 
tank  propagated  outward  where  reaction  involved  mainly  flammable  fuel-air 
vapor  mixtures.  Thus,-  for  a large  tank  such  as  tank  configuration  D, 
reaction  over-pressures  associated  with  initially  flammable  fuel-air 
mixtures  are  expected  to  be  greater  than  those  of  initially  fuel-lean 
fuel-air  mixtures.  Reaction  over-pressures  associated  with  initially 
flammable  fuel-air  mixtures  reached  peak  value  in  shorter  time  and  at 
faster  rise  rate  than  those  of  initially  nonflammable  fuel-air  mixtures. 

Figure  22  presents  data  obtained  with  tank  configurations  C and  E. 
Because  of  the  limited  number  of  tests  conducted  with  these  tank  con- 
figurations, effects  of  initial  fuel-air  mass  ratio  on  reaction  over- 
pressure cannot  be  determined.  For  tank  configuration  C,  fuel-air  mass 
ratio  ranged  from  .0055  to  .0160  with  fiP/Pj  varying  from  1.61  to  2.31. 
tp  and  (AP/At)]  ranged  from  710  to  880  milliseconds  and  360  to  930 
psi/second  respectively.  For  tank  configuration  E,  AP/Pj  values  given  arc 
those  obtained  from  transducers  mounted  on  the  center  tank  (impacted 
section  of  three  compartmental  tanks).  AP/Pj  values  from  compartmental 
tank  sections  are  within  2 to  3 psi  of  the  center  tank.  Time  to  reach 
peak  reaction  over-pressure  and  initial  pressure  rise  rate  for  this  tank 
configuration  is  similar  to  those  of  tank  configuration  A. 
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SECTION  V 
CONCLUSIONS 

1.  On  the  basis  of  results  obtained  from  "nonequilibrium"  gunfire 
tests  conducted  with  the  cylindrical  tank  configuration,  the  following 
conclusions  are  made. 

FI  amiability  limits  - the  upper  temperature  limit  for  JP-4  and  the 
lower  temperature  limit  for  JP-8  - are  significantly  extended  from  those 
of  equilibrium  fuel-air  vapor  mixtures.  In  tests  conducted  with  JP-8, 
ignition  was  observed  at  fuel  temperatures  as  low  as  10°F;  and  JP-4  was 
found  to  be  ignitible  at  fuel  temperatures  as  high  as  130°F.  Reaction 
over-pressures  associated  with  JP-8  are  generally  lower  when  compared 
with  those  of  JP-4  over  the  same  temperature  range.  The  mean  values  of 
AP/PI  ranged  from  1.55  at  10  - 19°F  to  2.55  at  120  - 130°F  for  JP-8  and 

1.78  at  30  - 39°F  to  3.74  at  70  - 79°F  for  JP-4. 

Increasing  initial  ullage  pressures  from  1-atmosphere  to  2-atmospheres 
resulted  in  a slight  increase  in  reaction  over-pressures  for  JP-8  and  a 
significant  increase  for  JP-4.  All  tests  conducted  with  JP-4  resulted 
in  a rupture  of  exit  plates.  Rupture  pressures  ranged  from  85  to  108  psi. 
These  pressures  are  two  to  three  times  higher  than  those  of  JP-8  tests 
conducted  under  similar  conditions. 

For  JP-8,  increasing  fuel  depth  from  2 to  12  inches  has  no  significant 
effect  on  ignition;  however,  at  14  and  16  inches  of  fuel  depth,  ignition 
percentage  is  significantly  reduced.  Mean  values  of  AP/Pj  tend  to 
decrease  with  increasing  fuel  depth  The  mean  AP/Pj  ranged  from  2.13  at 

4 inches  of  fuel  depth  to  1.11  at  16  inches  of  fuel  depth.  For  JP-4, 

increasing  fuel  depth  has  an  effect  of  reducing  ignition  percentage. 

Th’S  reduction  in  ignition  is  attributed  to  increased  fuel  vapor 
concentration. 

Increasing  the  tank  volume  from  92  to  185  gallons  has  no  significant 
effect  on  ignition  for  both  JP-8  and  JP-4.  However,  the  increased  tank 
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volume  resulted  in  a significant  reduction  in  AP/Pj  for  JP-8  and  an 
increase  for  JP-4.  Tests  conducted  with  initial  ullage  pressures  of 
1-atmosphere  showed  that  the  mean  AP/Pj  ranged  from  .806  to  1.033  for 
JP-8  and  3.910  to  4.110  for  JP-4  over  the  same  fuel  temperature  range. 
From  tests  conducted  with  2-atmosphere  ullage  pressures,  mean  AP/Pj 
ranged  from  .568  to  1.130  for  JP-8,  and  for  JP-4,  all  tests  resulted  in  a 
rupture  of  exit  plates.  Thus,  for  large  tanks,  JP-8  appears  to  be  more 
safe  when  compared  to  JP-4. 

Increasing  entrance  plate  thickness  from  .090  to  .375  inches  has  no 
significant  effect  on  both  ignition  and  reaction  over-pressures. 

Increasing  venting  area  from  no  vent  to  12.566  square  inches  has  no 
effect  on  ignition  but  significantly  reduced  reaction  over-pressures. 

The  mean  AP/Pj  ranged  from  2.129  at  no  vent  to  1.312  at  12.566  square 
inches  of  venting  area  for  JP-8  while  for  stoichiometric  propane 
mixtures,  it  ranged  from  6.196  to  4.266. 

A limited  number  of  tests  conducted  with  jelled  JP-8  (2  percent 
Dow  Jelling  Agent  XD-7129.1)  over  the  temperature  range  of  55  to  80°F 
showed  that  jelled  JP-8  behaves  similarly  when  compared  with  neat  JP-8. 

Results  of  tests  involving  tanks  fully  packed  with  "Whiffle"  balls 
showed  that  both  ignition  and  reaction  over-pressures  are  significantly 
reduced  when  compared  with  tests  conducted  under  similar  conditions 
but  without  "whiffle"  balls.  For  JP-8,  reaction  over-pressures  ranged 
from  1 to  2.5  psi  at  initial  ullage  pressure  of  1 atmosphere  and  1 psi 
at  2 atmospheres.  Results  of  these  tests  are  very  significant  in  that 
the  reaction  over-pressures  are  well  within  the  pressure  limit  of 
operational  aircraft  fuel  tanks.  For  JP-4,  reaction  over-pressures 
ranged  from  3 to  24  psi  at  initial  ullage  pressure  of  1 atmosphere 
and  2 to  49  psi  at  2-atmospheres  initial  ullage  pressure. 
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2.  The  following  conclusions  are  made  on  the  basis  of  equilibrium 
tests  conducted  with  various  rectangular  tank  configurations. 

The  lower  limit  of  flammability  is  significantly  extended  from  that 
of  equilibrium  fuel-air  vapor  mixtures.  Ignition  was  observed  in  fuel-air 
mixtures  with  fuel-air  mass  ratio  as  low  as  0.002.  This  result  is 
similar  to  that  of  nonequilibrium  tests  of  the  cylindrical  tank. 

The  upper  limit  of  flammability  is  significantly  depressed  when 
compared  with  that  of  equilibrium  fuel-air  vapor  mixtures.  Fuel-air 
mixtures  with  initial  fuel-air  mass  ratio  greater  than  0.11  could  not 
be  ignited.  If  this  result  were  to  be  interpreted  in  terms  of  equilibrium 
fuel  temperature  and  atmospheric  ullage  pressure,  the  upper  temperature 
limit  of  flammability  for  OP-4  and  JP-8  are  38°F  and  146°F  respectively. 
Thus,  in  terms  of  ignition,  JP-8  is  vulnerable  over  a wider  temperature 
range  than  JP-4.  However,  it  should  be  noted  that  unless  strict  measures 
were  taken  to  assure  ullage  equilibrium  conditions  at  all  times  the 
upper  temperature  limit  of  flammability  cannot  be  used  in  assessing 
potential  hazards  associated  with  gunfire  induced  explosion. 

The  percentage  of  tests  resulting  in  ignition  below  the  initial 
fuel-air  mass  ratio  of  0.11  appears  to  be  strongly  dependent  on  tank 
configurations;  tank  configuration  A (smallest  tank  volume)  produced 
the  most  severe  ignition  hazard  with  approximately  62  percent  of  tests 
resulting  in  ignition. 

For  small  tanks  (configurations  A and  B),  reaction  over-pressures 
are  nearly  independent  of  initial  fuel-air  mass  ratios.  For  a large  tank 
(configuration  D),  reaction  over-pressures  resulting  from  initially 
flammable  fuel-air  mixtures  (F/A  > 0.03)  are  much  higher  than  those  of 
nonflammable  fuel-air  mixtures  (F/A  < 0.03). 

Reaction  over-pressures  resulting  from  tests  conducted  with  tank 
configuration  A are  generally  higher  than  those  of  any  other  tank 
configurations. 
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Tests  conducted  with  a compartmented  tank  (configuration  E)  showed 
that  reaction  over-pressures  measured  from  compartmented  sections  are 
2 3 psi  higher  than  that  of  center  section  (impacted  section  of  the 
th,  --e-compartment  tank) . 
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APPENDIX 

VAPOR  PRESSURES  AND  AVERAGE  MOLECULAR 
WEIGHTS  OF  EQUILIBRIUM  FUEL  VAPORS  FOR 
JP-4,  JP-8  (104°F  FLASH  POINT),  AND 
JP-8  (116°F  FLASH  POINT) 


Vapor  pressures  and  average  molecular  weights  of  equilibrium  fuel 
vapors  used  in  determining  fuel-air  mass  ratios  were  calculated  from 
ASTM  distillation  data  using  the  British  Petroleum  Method.  A3TM  distil- 
lation data  for  each  test  fuel  was  periodically  determined  as  a part  of 
routine  fuel  test.  A typical  fuel  test  report  follows.  Figures  26  and  27 
present  calculated  results  of  vapor  pressures  and  average  molecular 
weights  of  equilibrium  fuel  vapors. 
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Figure  27.  Calculated  Average  Molecular  Weights  of  Fuel  Vapors 
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